less tangible, but also quite revolutionary, is the use of nanoscale scaffolds as therapeutic agents in the field of personalized medicine, which have been met with great hopes and efforts [3] [4] [5] . The immensity of research concerning nanomaterials and nanoparticles for medical purposes does not suit the "nano" magnitude any more. This scientific rush to explore natural biomolecules, such as DNA [6] [7] [8] and RNA [9] [10] [11] [12] [13] , and to create medically relevant nano-objects has had an impact on methodology development. Most structural knowledge, so far, has been obtained for proteins by crystallization. However, the number of solved structures for DNA and RNA molecules is still limited. Computational methods have been successfully applied for protein folding and structure prediction. Although the secondary structure prediction might appear simpler for nucleic acids than proteins, there are more interactions possible than standard WatsonCrick base pairing. Despite that, the number of degrees of freedom limits the efficiency of the computational methods [14] . Although challenges remain in the improvement of algorithms and model optimization, data collected from computational modeling of solved RNA crystals yielded the conclusion that even the most complicated RNA structures are composed of a limited number of structural motifs [5, [15] [16] [17] [18] [19] . That crucial information led to establishing a methodology that connects the biologically relevant three-dimensional (3D) structures with the primary sequence of such RNA fragments.
Introduction
The "nano" prefix is no longer just the denotation for one billionth in a metric system. It earned its place in science the way no one could have expected. The molecular nano-devices are now well recognized, and they can be manufactured and used in everyday life [1, 2] . What is
Methods
In our analysis, the particular property of the RNA fragment was a priority. We were looking for an RNA molecule with proven cellular processing but unknown structure. For that we selected the RNA fragment that was reported to be processed by the endogenous ribonuclease Dicer [24] . This enzyme cleaves exclusively double-stranded RNA (dsRNA) resulting in fragments of 20-25 nucleotides. The sequence of this RNA motif was reported; however, to our knowledge, the structure is unknown. Firstly, the primary sequence from apoptosis-related cysteine peptidase (CASP8) mRNA (NM_033358) was extracted from the gene databank ( Figure S1 ), converted into an RNA type, and uploaded to the UNAfold server. The primary sequence was folded using mfold (part of the UNAfold web server), which consists of applications designed to predict the secondary structure of single stranded nucleic acids and hybridization [25] . The mfold software predicts the minimum free energy based on the nearest neighbor algorithm originally developed by Turner et. al. [26] and implemented for DNA as well as RNA secondary structure folding. The results from mfold were crosschecked with the RNAfold web server [27] . Additionally, the base pairing probabilities were calculated utilizing the McCaskill's partition function algorithm [28] . The resulting secondary structure can be presented as a linear dot-bracket notation ( Figure S2 ) that is used for tertiary structure prediction, or planar representation ( Figure S3 ) for a general view. The secondary structure WC-pairing was compared with the structures previously reported [24] , thus, confirming the accuracy of the prediction.
The tertiary structure of the RNA molecule (containing new 3wj) was predicted by RNA Composer software (http://rnacomposer.cs.put.poznan.pl). This automated prediction tool utilizes the RNA sequence and the userdefined secondary structure to predict the RNA tertiary structure [29] . This software is virtually linked to the dictionary relating the RNA secondary structure elements and tertiary structure coordinates of small RNA motifs assembled in the RNA FRABASE database [30, 31] . The RNA Composer is able to run in two modes: the interactive mode, which is limited to 500 nucleotides with a single RNA structure as an output, and the batch mode, which is intended for larger scale RNA modeling. The RNA FRABASE [30] is searched automatically to check if the modeled structure has been deposited already and if there are similarities to the known RNA motifs. The resulting structure of the lowest total energy was taken for further examination. The last step of the RNA Composer software is the energy minimization, which refines the final 3D structure. The sequence, consisting of the new motif, together with the secondary structure in dot-bracket notation, was subjected to the 3D structure prediction that led to the 3D model of novel motif. Additional refinements, such as molecular dynamics can be applied to improve the model, but in our case, MD was omitted, as the model was accurate for following tecto-RNA 3D modeling. The identified 3D structure can also be crosschecked using alternative tools such as ModeRNA [32] or sequence motif databases like RNABricks [33] . The entire process is depicted in Figure 1 .
The 3wj-nRA motif has been used for building the model for larger (trimeric) assembly according to the RNA tectonics approach [34, 35, 16] . The size of dsRNA helix has been adjusted to accommodate the closure of whole triangular assembly. Three specific kissing complex sequences, based on HIV-1 RNA dimerization initiation site (DIS) motif [36] were utilized to ensure directed interaction and to prevent non-specific interactions between monomers.
Results and discussion
The novel RNA structural motif, 3wj-nRA, was described based on its primary sequence utilizing computational tools. This motif was reported to be a substrate for an endoribonuclease that results in formation of doublestranded RNA fragments [24, 37, 38] . Our analysis began with secondary structure definition based on the primary sequence using mfold. The sequence of the motif consisted of sixteen nucleotides arranged into six Watson-Crick base pairs with a four-nucleotide bulge CCAA (Figure 2a) . Furthermore, the analysis of the secondary structure pattern indicated eight nucleotides involved in non-canonical interactions, marked red in Figure 2b , which seem to be important for the motif's stability. Other WC-based base-pairs might be arranged optionally with restrictions: nucleotides in green must create the canonical pairs, R has to be purine, but n can be any nucleotide. The tertiary structure prediction by RNA Composer revealed that three RNA helices were joined in the motif with bulged bases enforcing the angle. The two non-canonical interactions in the loop seem to be crucial for the proper motif formation. The first interaction is between guanine in the stem and purine from the loop, (SE/SE) [39, 40] and the second is a stacking type between adenosine and guanosine (Figure 2d ,e). There is also a close proximity interaction of 2 nd adenosine from A-triad and 2
nd cysteine from C-triad in the loop, but no direct H-bond could be assigned. The junction is stabilized with three conservative Watson-Crick base pairs, namely one U-A and two G-C, each followed by another canonical base pair. Such a structure is typical for the multi-helix junction, where non-canonical base pairs and bulged nucleotides initiate helix divergence [40] [41] [42] . Interestingly, the structural prediction allowed us to estimate the approximate angle between helixes to be 60° (Figure 2c ). This is not unique for RNA 3 way-junctions, but in this case, it ensures enzymatic processing [43] . If the noncanonical interactions were to be severed, alternative folding would be probably possible.
The analysis of the motif strongly suggested that it could be combined with other structural elements for more complex structure construction. Therefore, this novel 3wj-nRA motif was further utilized for rational design of an RNA nanoparticle following RNA architectonics rules [20, 21] . The simplest and most straightforward design is a planar, triangular shaped particle. The two helices were engaged to build connecting arms with the third protruding from the motif for further functionalization. To obtain closed form, three monomers were joined with collinear loop-loop interactions at the end of two helices ( Figure 3) . In order to check the feasibility of particular design, three RNA molecules of the same stem sequences but complementary loops were synthetized and analyzed using gel electrophoresis ( Figures S4 and S5) . This, however, will be the subject of an experimental report. [24] , b) general pattern of the motif (in redconservative, important for motif formation in green − any WC pairs, R − any purine; n − any nucleotide), c-e tertiary structure for the whole motif and selected interactions.
same isosteric array of base-pairs but contains a different sequence [40] .
There is no doubt that nucleic acid modeling development has reached a point at which it can give accurate and reliable structural data. The work published by several computational research groups encourages one to follow the progress of computational methods in nanomodeling in silico [14, 44, 45] . Although, crystallographic structures, still limited in quantitative value, constitute highly relevant models, not all segments are at the same level of accuracy. Therefore, molecular
The described protocol can easily be adopted for other RNA motifs structural prediction. However, there might be sequences for which this methodology may require careful validation using additional tools, such as MD simulation. One still holds the privilege of controlling the accuracy of the structure and may provide additional information on each prediction step. This method ensures a complex insight into the proposed structures and their evaluation at each step of the analysis (Figure 1 ). Additional analysis and database search is essential for proper motif classification, as one motif comprises the structure of the modeling can and should be used to complement the fragments of the crystal structures, as it applies to the level of dynamics [14] .
Summary and outlook
In the view of RNA structural prediction of in silico modeling, multicomponent RNA particle design is being explored in nanomedicine. To date, the reverse engineering approach has been commonly used to define structure-sequence correlations. This approach, however valid, required defined tertiary structure of the RNA module or its similarity to other known structures. In this paper, one of the possible approaches towards structure definition from nucleotide sequence is presented. The primary sequence with desired enzymatic properties has been used for the prediction of secondary and tertiary structures. The novel three-way junction motif (3wj-nRA) with desirable enzymatic properties is the first one to be designed completely in silico. This motif was successfully implemented into triple helix molecules with a 60 o angle between two arms. We can imagine such RNA structures being equipped with multiple siRNAs targeting specific transcripts, molecular markers, or fluorogenic RNA aptamers. As long as one controls the design process, motifs utilized within greater particles stay in accordance with the project, and the desired properties of single sequences are very likely to be preserved in those constructs.
